The genome size and a partial physical and genetic map have been defined for the phage group II Staphylococcus aureus Ps55. The genome size was estimated to be 2,771 kb by pulsed-field gel electrophoresis (PFGE) using the restriction enzymes SmaI, CspI, and SgrAI. The Ps55 chromosome map was constructed by transduction of auxotrophic and cryptic transposon insertions, with known genetic and physical locations in S. aureus NCTC 8325, into the Ps55 background. PFGE and DNA hybridization analysis were used to detect the location of the transposon in Ps55. Ps55 restriction fragments were then ordered on the basis of genetic conservation between the two strains. Cloned DNA probes containing the lactose operon (lac) and genes encoding staphylococcal protein A (spa), gamma hemolysin (hlg), and coagulase (coa) were also located on the map by PFGE and hybridization analysis. This methodology enabled a direct comparison of chromosomal organization between NCTC 8325 and Ps55 strains. The chromosome size, gene order, and some of the restriction sites are conserved between the two phage group strains.
A physical map of a chromosome consists of an ordered set of restriction fragments that places genomic sequence in the order it exists inside the cell. The resolution of chromosome structure can vary from a macrorestriction map consisting of only a few large, restriction fragments (10, 14, 17, 37) to thousands of small clones of ordered chromosomal DNA (4, 13) to a complete nucleotide sequence (11) . The advantages of a physical map over a genetic map are severalfold. Physical maps are faster to construct and require considerably less laborintensive methods. Methods in genetic mapping, such as conjugation, transformation, transduction, and mutagenesis, can be bypassed in physical map construction. Many prokaryotic physical maps have been constructed as a starting point to characterize the chromosome because methods of genetic analysis were underdeveloped (1, 2, 5, 14, 15, 17, 43, 47) . Other physical maps were constructed to confirm previously established genetic maps (10, 28, 46) .
With the establishment of long-range genomic mapping techniques (20, 36) , there has been a recent surge in the field of prokaryotic genomic mapping. With these maps constructed, a preliminary assessment of chromosomal diversity among the prokaryotes may become possible. This assessment of chromosomal diversity has already been examined for species in the genus Neisseria (8) , where a newly constructed Neisseria meningitidis map was compared with a previously constructed map of a gonococcal strain. Smith and Condemine (36) stated that "technology needs to be developed to simplify map construction by using maps that already exist for related organisms." This project outlines one such technology that was applied to Staphylococcus aureus.
The species is divided into five phage groups on the basis of typing patterns produced on infection with staphylococcal phages (23, 32, 33, 42, 45, 48) . A detailed genetic and physical map has been established in the phage group III S. aureus NCTC 8325 by using methods of classical genetics and pulsedfield gel electrophoresis (PFGE) analysis (27, 28, 31) . While further characterization and refinement of the NCTC 8325 chromosome map continues, the applicability of this map to other strains of S. aureus belonging to other phage groups is being assessed. Some effort has been directed toward the construction of a chromosome map in a phage group I strain. Here we describe the construction of a chromosome map in the phage group II strain Ps55.
With the exception of the work done by Ralston and Baer on the modification of the host range of staphylococcal phage K 14 (32, 33) , no DNA had been successfully transferred between S. aureus strains belonging to different phage groups due to restriction-modification barriers. The phage group II S. aureus strains in particular have always been somewhat enigmatic since they seem unable to undergo genetic exchange with other strains. This opened the possibility that they were quite divergent from other S. aureus strains. Martin et al. (19) attempted to map the exfoliative toxin locus in the group II strain UT0002-19 by using markers from the group III strain NCTC 8325. They could neither transform NCTC 8325 with UT0002-19 DNA nor use UT0002-19 as a recipient for DNA from NCTC 8325. In the present study, markers from NCTC 8325 were successfully transduced into the phage group II strain Ps55 by using the restriction-deficient, modification-proficient group II strain 879R4 as an intermediate host. With this approach, phage group II strains were found to be well within the overall S. aureus taxon, and their genetic distance was simply a consequence of strong restriction-modification barriers.
MATERIALS AND METHODS
Strains, plasmids, bacteriophages, and culture conditions. The S. aureus strains used are listed in Table 1 . The plasmids used in this study are listed in Table 2 . Phages 80␣ (21) and 55 (44) were maintained by propagation on ISP8 and ISP255, respectively. Cells were grown in brain heart infusion broth (Difco Laboratories, Detroit, Mich.) or Trypticase soy broth (BBL Microbiology Systems, Cockeysville, Md.). Cells for phage propagations were grown on Trypticase soy agar (BBL Microbiology Systems) containing 5.0 mM CaCl 2 . In addition, all media were enriched with thymine (20 g/ml) and adenine, guanine, cytosine, and uracil (each at 5 g/ml). Nutritional auxotrophs were scored on complete (29) . When necessary, 1.5% (wt/vol) agar was added to the medium for the preparation of slants and plates. Transduction. Bacteriophages were propagated and transductions were performed essentially as described by Schroeder and Pattee (35) .
DNA preparation and restriction digestion. One percent agarose inserts were prepared as described by Patel et al. (25) . Restriction digestions of inserts were performed in 250 l of the appropriate restriction buffer in 1.5-ml microcentrifuge tubes. Digestions using SmaI (New England Biolabs, Inc., Beverly, Mass.) were accomplished by the addition of 72 U of enzyme followed by incubation at 25ЊC for 20 h. SgrAI (Boehringer Mannheim Biochemicals, Indianapolis, Ind.) digestions were incubated with 48 U of enzyme at 37ЊC for 4 to 5 h. CspI (Promega, Madison, Wis.) digestions were performed exactly as described by the manufacturer. The time and temperature were empirically determined to be optimal at 30ЊC for 8 h. All digestions were stopped with 20 l of 0.5 M EDTA and immediately loaded onto agarose gels.
Molecular size markers. The size standard used was exclusively bacteriophage lambda concatemeric DNA (monomer ϭ 48.5 kb). Lambda DNA was ligated into concatemers as specified by J. Iandolo (Kansas State University), with some modifications. To a 1.5-ml microcentrifuge tube were added 45 g of lambda cI857ind1Sam7 DNA (New England Biolabs), 15 l of distilled water, 12 l of 10ϫ ligation buffer (50 mM Tris hydrochloride [pH 7.8], 10 mM magnesium chloride, 1 mM dithiothreitol, 1 mM ATP, 50 g of bovine serum albumin per ml), and 6 l of 100 mM ATP. This mixture was incubated in a 50ЊC water bath for 15 min, held at 35ЊC for 5 min, and finally held for 5 min at room temperature. Six Weiss units of T4 DNA ligase (Promega) was added to the mixture, which was then incubated at room temperature. After 1 h, 20 l of 0.5 M EDTA was added to stop any further ligation. The mixture was stable on storage at 4ЊC for at least 3 months. The lambda DNA was loaded onto pulsed-field gels in liquid form using 3 to 4 l per well.
PFGE. S. aureus chromosomal DNA fragments were separated by using a Bio-Rad CHEF-DRII (6) or TAFE apparatus (12) constructed in this laboratory. The TAFE apparatus was connected to an ISCO model 470 power supply and a Graylab model 625 timer (Cole Parmer, Chicago, Ill.), which served as the pulse switcher. The buffer cooling system consisted of a Masterflex variable speed pump (Cole Parmer) that circulated the buffer through a 15-m coil of polyethylene tubing submerged in a Lauda model RM20 bath filled with a 50% (vol/vol) water-ethylene glycol mixture. Separations were performed with a constant current of 170 mA in 1% agarose gels (SeaKem GTG agarose; FMC Bioproducts, Rockland, Maine), using various pulse times depending on the range of resolution needed. The electrophoresis buffer was 0.25ϫ TAE (1ϫ TAE is 40 mM Tris-acetate and 2 mM EDTA), which was maintained at 10 to 15ЊC during electrophoresis.
DNA hybridization analysis. Pulsed-field gels were depurinated, denatured, and neutralized as described by Sambrook et al. (34) . DNA was transferred (38) to Hybond-N nylon membranes (Amersham, Arlington Heights, Ill.) and hybridized with photoactivatable biotin (Clontech Laboratories, Palo Alto, Calif.) labeled DNA probes. Hybridization was detected by using the Blu-Gene system (Bethesda Research Laboratories, Gaithersburg, Md.).
RESULTS
Genome size estimate of Ps55. An estimate of the genome size of Ps55 was obtained by PFGE separation of chromosomal restriction fragments from CspI, SmaI, and SgrAI digestions (Fig. 1) . The size of the Ps55 chromosome was determined by the sum of these restriction fragments. The fragment sizes are summarized in Table 3 .
The size of the wild-type SmaI A fragment could not reliably be determined, even when long pulse times were used, because it migrated behind the range of resolvable lambda concatemers (data not shown). This was also true for NCTC 8325 and was solved by introducing additional SmaI recognition sites into the SmaI A fragment with Tn917lac (28). The lys-488::Tn917lac and thr-492::Tn917lac insertions were transferred from NCTC 8325 to Ps55 and analyzed by PFGE. The method of marker transfer was achieved in the following manner. Phage 80␣ lysates prepared on various transposon-induced auxotrophs in NCTC 8325 were used to infect ISP2343 (a restrictionless phage group II strain). Phage 55 lysates prepared on these transductants were in turn used to transduce (Fig. 2) . In instances where a silent insertion was transferred, homologous recombination could not be confirmed phenotypically. Therefore, two and sometimes three transductions of the same silent insertion were performed independently to assess the method of integration into the Ps55 chromosome (Fig. 3) . The strategy to duplicate transductions of the same silent insertion was similar to that in obtaining Ps55 auxotrophs. Phage 80␣ was propagated on the NCTC 8325 strain carrying the desired silent insertion and transduced into the group II restriction-deficient ISP2343. Two or more erythromycin-resistant (Em r ; 10 g/ml) ISP2343 colonies were picked and used to propagate 55 lysates. The Em r phenotype indicated that Tn551 was present in the cell. The resulting lysates were used to transduce the silent insertion into Ps55. A single Em r colony from each transduction was picked and carried through to hybridization analysis (Fig. 3) . If all of the independently derived Ps55 transductants had the silent transposon element on the same restriction fragment, then it was assumed that homologous recombination and not transposition occurred. When using this strategy, we never detected transposition; homologous recombination was always found to be the method of transposon insertion into the chromosome.
The marker ⍀1030, shown in all panels of Fig. 3 (lanes 2 and  3) , hybridized to the SmaI B fragment. Although the gel in Fig.  3A resolves the SmaI A and B fragments, a fragment inversion (9) between these two was identified when lanes 2 and 3 were compared in all panels. This fragment inversion occurs only between the A and B fragments, and it is reproducible at the 10-s pulse time with the TAFE apparatus. Also, the gels in Fig.  3A and C have two lanes of ⍀1030 insertions each generated independently, and in lane 3, the B fragment is shifted up approximately 70 kbp. In the wild-type Ps55 pattern, SmaI-B migrates between the 9th and 10th lambda multimers to a position of 456 kb, which is similar to that seen for the ⍀1030 mutant in lane 2 of Fig. 3C . The cause of this discrepancy in migration of the B fragments between otherwise identical mutants remains unknown and would be an interesting avenue for future studies. The fact remains that the B fragment was detected both times during hybridization analysis, and therefore ⍀1030 was assigned to that fragment. Much the same type of phenomenon was observed for ⍀1051 in Fig. 3C and D. With ⍀1051, the same fragment was shifted up by approximately the same number of kilobases in two of the three independently derived transductions (lanes 5 and 6). Interestingly, ⍀1051 was not found to be localized to the SmaI B fragment. Thus, it can be concluded that whatever caused this shift, it is reproducible and is not exclusively associated with the fragment that contains the transduced marker. The same phenomenon was observed with the CspI restriction pattern (data not shown). The 
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CspI A and B fragments comigrate as a doublet in the wild-type pattern; however, Ps55 recombinants ISP2419, ISP2450, and ISP2451 exhibited a band shift that effectively resolved this doublet. Once again the shifts were approximately 70 kbp and occurred on fragments not containing the transposon. Fragment cleavage was observed in addition to shifting. When the marker ⍀1035 was transferred to Ps55, approximately 10 kbp was split off from one end of the SmaI C fragment (Fig. 3A and B) . This resulted in a doublet between the C and D fragments, with the other portion of the C fragment migrating just above the SmaI N fragment.
The Ps55 chromosome map. The Ps55 chromosome map is shown in Fig. 4 and was assembled based on hybridization data and the assumption of gene conservation between NCTC 8325 and Ps55. In addition to locating transposon-marked loci, probes containing coagulase, lactose operon, gamma hemolysin, and staphylococcal protein A coding sequences were also localized to PFGE-separated Ps55 restriction fragments by hybridization. Gene order was shown to be conserved in numerous instances based on physical data. Genetic order in Ps55 was independently confirmed by transformation analysis of selected markers (data not shown). Although the KspI restriction pattern generated too many restriction fragments to be clearly resolved by PFGE, the KspI A restriction fragment was resolved from the rest of the pattern and therefore could be confidently identified by hybridization. This KspI A fragment is shown on the Ps55 map, and it physically confirmed linkage between the SmaI C, G, and E fragments since the genes that reside on these three fragments all hybridized with KspI-A as well. While SmaI-C, -G, and -E were all found to be linked, the order of the three fragments relative to each other was uncertain. The order read clockwise was SmaI-E, -G, and -C if gene order is conserved between the two strains. When the CspI map was generated, it confirmed that E and G were adjacent because the genes that reside on SmaI-E and -G hybridized to the CspI D fragment. Physical linkages of restriction fragments were confirmed in numerous other instances as well. No data that would conflict with gene order between the two strains for any part of the map were generated. The NCTC 8325 map is also shown in Fig. 4 to facilitate comparison between the two strains.
The localization of the rRNA operons in Ps55 was performed by hybridization with a cloned probe containing the rRNA operon from Bacillus subtilis. Because a few SmaI sites were located within rRNA sequences based on junction/linking clone data (not shown), five fragments, SmaI-C, -F, -I, -L, and -P, were detected. Based on these data, there is an rRNA operon at the F-I junction on the Ps55 map. The locations of the SmaI L and P fragments could not be determined, but the rRNA hybridization data imply that they are between SmaI B and C and that they are linked.
The dark areas on the group II map represent regions of uncertainty. All fragments could be resolved by PFGE, but not all could be placed on the map by hybridization with a known marker from NCTC 8325. For example, none of the 8325 markers that were analyzed by hybridization in Ps55 identified the SmaI D, H, K, or L fragment. All of the CspI fragments were associated with a marker and therefore could be ordered on the Ps55 map. The SgrAI map is missing the E, I, and K fragments.
DISCUSSION
The goals of this project were to (i) construct a chromosome map in a representative S. aureus phage group II strain, (ii) evaluate the relationship of this map to that of phage group III strain NCTC 8325, and (iii) generate a preliminary assessment of chromosomal diversity within the species. At the inception of this project, little was known about the genetic organization of phage group II strains and nothing was known about Ps55. The successful transfer of DNA across phage group restrictionmodification barriers by using a restriction-deficient group II strain as an intermediate host was a critical technological barrier to be overcome.
The estimated genome size of the Ps55 chromosome is 2,771 kb, which is well within the range of other bacterial chromosomes. NCTC 8325 has an estimated genome size of 2,750 kb (28) , which is similar to that of Ps55.
In instances where silent insertions were transferred from NCTC 8325 to Ps55, the question of whether the silent insertion underwent homologous recombination with the isoallelic region in Ps55 had to be addressed. While this question was FIG. 3 . PFGE and DNA hybridization of multiple, independently constructed silent Tn551 insertions in Ps55. The gels in panel A and C were run for 13 h at 170 mA, transferred (38) to nylon membranes, and hybridized with pTV20 (B and D). SmaI-CЈ in panels A and B represents a portion of the SmaI C fragment that was cleaved off by an NCTC 8325 SmaI restriction site transduced into the Ps55 background. The A, B, and C designations in the lane assignments below indicate independently generated Ps55 transductants that carries identical markers. The pulse times are 10 and 15 s for panels A and C, respectively. Lanes in panels A and B: 1 and 7, lambda DNA multimers; 2,
. Lanes in panels C and D: 1 and 7, lambda DNA multim-
easily answered for nutritional auxotrophs by confirming the auxotrophic phenotype of the Ps55 recombinant, this technique was not applicable for silent insertions. However, PFGE analysis of two or more transductants, generated independently but carrying the same silent insert, were localized to the same restriction fragment in all instances. These data strengthen the argument that chromosomal integration occurred by homologous recombination rather than transposition.
This novel methodology of map construction involved alignment of physical and genetic data with the aid of the previously developed NCTC 8325 map. The advantage of this approach is demonstrated by the ease with which the approximate positions of restriction fragments can be determined by analyzing the DNA from many transductants on one pulsed-field gel. A limitation of this method is the absolute requirement for a series of genetic markers that are well distributed on the known chromosome map and a method of genetic exchange between the two strains. Also, this method does not allow precise alignment of restriction sites of the different enzymes used in mapping.
Throughout this project, no data that brought gene order between the two strains into question were generated. Not surprisingly, however, some restriction sites do not appear to be conserved. SmaI-A in Ps55, for example, extends further clockwise to encompass the riboflavin loci, whereas in NCTC 8325, the restriction site is just to the left of the loci. Also, the orientation of the NCTC 8325 SmaI restriction fragments E, G, and C is the opposite in Ps55 (C, G, and E read counterclockwise), indicating that restriction site locations are similar but not exact. The CspI restriction sites are remarkably conserved between the two maps. Fragment order is nearly identical with the exception of the CspI F fragment location in each of the respective maps. The spa, ⍀1051, ⍀1050, and ⍀1023 markers have all been localized to the CspI F fragment in NCTC 8325; however, those same markers are found on CspI-D in Ps55. The CspI F fragment is believed to be on the clockwise side of CspI-A in Ps55. This result was achieved by hybridization analysis with a junction clone which hybridized to the A and F fragments. When regions of the two maps are compared, it appears that restriction sites on the top half (from 9 o'clock to 3 o'clock) are much more conserved than those on the bottom half (from 3 o'clock to 9 o'clock) as the maps are drawn. This is probably because amino acid and other biosynthetic genes are distributed around the top half of the chromosome and these regions tend to be more conserved among species.
When the SmaI restriction maps of 8325 and Ps55 are compared, it is evident that at least the larger restriction fragments (A through F) appear to be in similar positions as the chromosome maps are drawn. Therefore, the Ps55 SmaI D fragment may be between the B and C fragments. The only other physical possibility is between the A and F fragments, hence the two black spaces in those regions.
In summary, the genomic maps of strains NCTC 8325 and Ps55 indicate that the chromosome size, gene order, and some of the restriction sites are conserved. Thus, the major difference between Ps55 and NCTC 8325 appears to be their restriction and modification systems.
